The Paleogene glacial history of Antarctica has been inferred largely from indirect evidence of glaciation gathered from the oceans beyond that remote, ice-shrouded, and inhospitable continent. This evidence includes the "proxy" stable isotopic record from the world's oceans; the occurrence of ice-rafted debris (IRD) in the Southern Ocean; inflections in sea-level curves; the presence of hiatuses in the deep-sea record; and changes in clay mineral assemblages, in the diversities of microfossil assemblages, and in the steepness of latitudinal biotic gradients. Ocean Drilling Program Leg 120 has added an important dimension to this growing body of evidence through the discovery of lowest Oligocene IRD at Site 748 on the Southern Kerguelen Plateau at a record distance north of the Antarctic continent (58°S latitude) and within a pelagic biosiliceous-carbonate ooze sequence that has yielded a complementary oxygen isotope record of the cryospheric event. We deduce that an ice sheet reached sea level during the earliest Oligocene (35.8-36.0 Ma) and that the effect was immediate and profound. In addition to the IRD, this event was manifested at Site 748 by a dramatic cooling of the surface waters surrounding the continent as indicated by a sharp increase in the percentage of cold-water calcareous nannoplankton, an increase in planktonic foraminiferal δ 18 θ values, and an increase in the percentage of biosiliceous material in the sediment. The temperature of the bottom waters over the plateau also decreased, and the volume of ice on the continent increased.
INTRODUCTION
A major discovery of Ocean Drilling Program (ODP) Leg 120 to the Kerguelen Plateau was the occurrence of lowest Oligocene ice-rafted debris (IRD) at 58°S latitude, a record distance from the Antarctic continent (Breza et al., 1988 Schlich, Wise, et al., 1989; Breza and Wise, this volume) . The IRD occurred within a pelagic carbonate ooze sequence that yielded a complementary stable isotope record of the cryospheric event (Zachos et al., 1989, this volume) . This discovery has important implications for the interpretation of the Cenozoic glacial history of Antarctica, particularly the history of ice sheets on that continent. The purpose of this synthesis is to discuss these implications in view of other exploratory efforts over the past 2 decades that have sought to elucidate Paleogene glacial history.
An understanding of the glacial history of Antarctica is fundamental to understanding the forces and processes that have determined climate change on this planet during much of the Cenozoic. Today, the presence and extent of the Antarctic ice sheet exert a dominant control on global atmospheric and oceanic circulation patterns through its influence on ocean surface temperatures; the albedo effect of its ice surface; the production of dense, cold oceanic bottom waters; its influence on precipitation and evaporation; and the effect of the ice margin on the position of the subpolar zone and its associated eastward-moving depression systems (Kemp, 1978; Webb, 1990) . Expansions and contractions of the polar ice margin may have led to shifts in the position of the circumpolar zonal westerlies, thereby narrowing or expanding the equatorial Trade Wind zone (Kemp, 1978) .
Little of the history of the Antarctic ice sheet, however, can be read directly from the limited geologic record of that continent, 98% of which is buried under the present-day ice carapace. Instead, it has been necessary, for the most part, to read the history of Antarctic glaciation indirectly from the more accessible and complete sedimentary and paleobiological record of the adjacent Southern Ocean through such indexes as the occurrence of IRD or changes in the nature of the sediments and in the diversity of the pelagic calcareous and siliceous microfossil assemblages that make up much of those sediments. Antarctic cryospheric history can also be read, albeit more indirectly, from the stable isotope record of the world's oceans, and from changes in eustatic sea levels recorded along continental margins or on carbonate banks or atolls of the tropical latitudes. In some instances hiatuses in ocean basin sediments can be tied to cryospheric events.
All of these indirect or proxy indicators of Antarctic glacial history are subject to widely varying interpretations and, hence, have long provided fertile ground for spirited debate and controversy (Mercer, 1983) . In recent years, therefore, greater efforts on an international scale have been made to obtain more direct physical evidence of Antarctic glacial history. During the past 5 yr, major initiatives have included four ODP cruises to the Southern Ocean (Legs 113, 114, 119, and 120) in addition to land expeditions in search of evidence for the older (pre-Quateraary) glacial history. The key questions to be answered are:
1. When did a Cenozoic continental ice sheet first form on Antarctica?
2. Once formed, was it a permanent feature?
If not, what is the timing of the glacial/preglacial phases?
3. What has been its nature at various times: "temperate" or "polar" ice?
As a result of this new surge of exploration, detailed glacial histories have been written for various regions (e.g., Barrett et al., 1989; Barron, Larsen, et al., 1989; Barron et al., 1991a) . A comprehensive summary of these studies will not be rendered here. Instead, we wish to place the Leg 120 drilling results and associated studies reported in this volume in a historical context so that we can relate them to two main issues: (1) the existence and extent of a continental ice sheet(s) during the early Oligocene, and (2) the existence and extent of glacial ice on Antarctic during the Eocene.
PALEOGENE GLACIATION
With the discovery of 25-m.y. old (upper Oligocene) and younger glaciomarine sediments in the Ross Sea during Deep Sea Drilling Project (DSDP) Leg 28 in 1973 (Hayes, Frakes, et al., 1975) , it became clear that the Cenozoic glacial history of Antarctica extended well back into the Tertiary. This evidence was in accord with an earlier report of Paleogene hyaloclastite rocks erupted under ice in Marie Byrd Land (now dated at about 25 Ma; LeMasurier and Rex, 1982, 1983) . Thus, it was demonstrated that the Pliocene/Quaternary "Ice Age" of the Northern Hemisphere is but a latter-day manifestation of a major glacial episode in Earth history that had begun in the Southern Hemisphere tens of millions of years earlier (Kennett, 1977, and references therein) .
The Leg 28 drill site (DSDP 270; Fig. 1 ) had been located well out into the Ross Sea, off the edge of the present Ross Ice Shelf. High sedimentation rates and the presence of a predominantly Nothofagus (Southern Beech) palynomorph assemblage within the upper Oligocene glacial sequence led Kemp and Barrett (1975, p. 508) to envision "an environment with wet-based, 'temperate' glaciers calving bergs into a relatively open sea; by contrast, periods of intense cold, with the major development of ice shelves are distinguished by slow sedimentation and erosion by currents beneath the ice." They hypothesized that a limited vegetation of beech forests persisted through the Oligocene in coastal enclaves between glaciers that reached sea level from Marie Byrd Land.
Immediately after the discovery in the Ross Sea of direct physical evidence of late Oligocene glacial activity on Antarctica, DSDP Leg 29 recovered long Cenozoic carbonate sections at Sites 277, 279 and 281 to the north on the Campbell Plateau and South Tasman Rise (Fig. 1) , which yielded the first detailed stable isotopic deep-sea record from the subant- arctic (Fig. 2, after Shackleton and Kennett, 1975) . These records indicated that in concert with the final dispersal of the Gondwana continents and the concomitant thermal isolation of Antarctica (Kennett, 1977) , surface temperatures had declined during the Cenozoic in a series of steps from very high values in the early Eocene.
The most prominent of these steps was in the earliest Oligocene, not the middle or late Oligocene as the Leg 28 drilling results might have indicated. Because the cooling event was also mirrored in the benthic foraminifer oxygen isotopic record, Shackleton and Kennett (1975) thought that the profound change in the cryosphere indicated that a major threshold had been crossed in the evolution of Cenozoic climate. Kennett and Shackleton (1976) reasoned that it signaled the production of cold bottom waters in the high southern latitudes, which in turn led to the development of a two-layered, "psychrospheric" ocean (Brunn, 1957; Benson, 1975) , at least on a permanent basis. 6 Kennett and Shackleton (1976) attributed this event to major cryospheric development that resulted in the initial formation of sea ice around Antarctica. Although Shackleton and Kennett (1975) believed that Antarctica was heavily glaciated during Oligocene times, the ice would have been in the form of mountain glaciers, not an ice sheet. They did not believe that a permanent ice sheet formed until middle Miocene times, as indicated by another major positive inflection in their isotopic curves (Fig. 2) . Savin et al. (1975) published similar conclusions based on their interpretation of tropical Pacific isotopic records. Calculating paleotemperatures for an "ice-free" Oligocene world, both groups suggested that the earliest Oligocene oceanic 6 Benson et al. (1985) maintained that the psychrosphere developed earlier (at ca. 40 Ma), as indicated by faunal turnover, diversification, and modernization of benthic ostracode assemblages. Thomas (1990, in press ) drew a similar conclusion based on her analysis of high-latitude benthic foraminifer assemblages. On the basis of new isotopic data from ODP Leg 113, Kennett and Stott (1990) have developed a model for a three-layered Oligocene ocean ("Protooceanus") and a two-layered thermospheric one ("Proteus") for the PaleoceneEocene. Figure 2. Oxygen isotopic curves for planktonic and benthic foraminifers from subantarctic DSDP Sites 277, 279, and 281 (from Shackleton and Kennett, 1975) correlated with major events in the evolution of Cenozoic climate as interpreted by Kennett (1978) and various subsequent authors. 1 = Harwood et al. (in press ); 2 = Breza (this volume); 3 = Kemp and Barrett (1975); 4 = Miller et al. (1987); 5 = Harwood et al. (1989b) ; 6 = Leg 119 Shipboard Scientific Party (1988), Leg 120 Scientific Drilling Party (1988), and Barrett et al. (1989); 7 = Prentice and Matthews (1988); 8 = Benson (1975) and Benson et al. (1985) ; 9 = Matthews and Poore (1980) and Prentice and Matthews (1988) ; 10 = IRD reported by Ehrmann (1991) but considered in this paper to be Neogene downhole contaminants.
temperatures were comparable with those of the present day at their respective sites. Savin et al. (1975) and Savin (1977) considered the values in the tropical Pacific too warm for the formation of sea ice around Antarctica, but Shackleton and Kennett (1975) O ratios. Although the oxygen isotopic compositions of skeletal calcite secreted by organisms vary with temperature, conflicting interpretations of oxygen isotopic paleotemperatures arise because several poorly constrained assumptions must be made. In addition, there are pitfalls in obtaining proper sample material. These problems are discussed in some detail by Shackleton and Kennett (1975) , and more recently by Mix and Ruddiman (1984) and Mix (1987) , and will only be outlined here.
To make useful measurements for paleotemperatures, one must first ensure that there has been no diagenetic alteration of the calcite, either by postdepositional overgrowths or by dissolution. The condition of the material is usually checked via the scanning electron microscope (SEM). Next, one must assume that the organism being measured secreted calcite in equilibrium with ocean water; if not, an estimate must be made of any biologic effect, the so-called "vital effect." For planktonic foraminifers, an estimate must also be made of the average water depth at which the species lived, because temperature varies considerably with depth in the upper 600 m of the oceans. Seasonally for certain species might also have to be considered as water temperatures vary by season.
The most difficult factor to constrain is, in most cases, the isotopic composition of the seawater in which the organism lived. This varies locally with excessive rainfall or evaporation (during evaporation, the lighter 16 O evades preferentially to the atmosphere at a greater rate), or it can vary globally if precipitation over the polar regions develops an ice sheet. This process locks up more of the lighter isotope on the continent(s) to leave the oceans enriched in 18 O. This creates an "ice-volume effect" that makes oceanic isotopic values more "positive." The isotopic composition of ice sheets is not constant, however, and becomes increasingly more "negative" during glacial buildups. The largest ice sheet today, which is on Antarctica, is the most negative. Thus, models of ice-sheet isotopic composition must be constructed if one is to estimate the ice-volume component (see discussion by Shackleton and Kennett, 1975) . In view of the wide latitude of Figure 3 . Correlation of stable isotope record, radiolarian assemblages, and inferred water masses for upper Eocene-lower Oligocene interval of Site 511 (after Wise et al., 1985) . The vertical line drawn through 1.8%o delineates times when ice sheets were probably present in the world, according to Miller et al. (1987) . The upper paleotemperature scale (A) assumes no significant ice sheets, the middle scale (B) assumes an ice volume equivalent to modern values (cf. with Miller et al. curve in Fig. 13 below) , and the bottom scale (C) contains a correction for ice volume and salinity.
interpretations that can be made from the stable isotopic record and the paucity of direct physical evidence of Paleogene glaciation to constrain speculation, it is not surprising that disagreements have developed over the time of formation of the first Cenozoic ice sheet.
An Early Oligocene Antarctic Ice Sheet?
The debate has centered on a paradox. Kemp and Barrett (1975) and others thought that the Leg 28 results indicated that ice-rafting from Antarctica had commenced during the late Oligocene, and, in apparent support of such an event, the most profound eustatic sea-level drop for the Cenozoic was dated as mid-Oligocene (29 Ma) by Vail et al. (1977) . On the other hand, the most profound positive shift in the benthic foraminiferal oxygen isotope record for the entire Cenozoic occurred during the very earliest Oligocene, not mid way through that epoch (Fig. 2) . This isotopic event, which was evident in earlier curves for Australia (Dorman, 1966) and New Zealand (Devereux, 1967) , was eventually correlated in open-marine drill sections around the globe, including Site 511 on the Falkland Plateau (Fig. 3) .
Although Kemp (1978) noted that the extent of Antarctic glaciation during the Oligocene was problematic, she indicated on her paleogeographic reconstructions limited "ice cover" over East Antarctica during the early Oligocene and an "ice cap" with evidence of sea-level ice for the late Oligocene (Kemp, 1978, figs. 6 and 7) . That same year, Kennett (1978) summarized his interpretations, suggesting prolonged Antarctic glaciation during the Oligocene, the development of sea ice, but no ice sheet.
A major reinterpretation of the stable isotopic record was rendered 2 yr later by Matthews and Poore (1980) , who concluded that Paleogene temperatures calculated for an "ice-free world" produced unreasonably low tropical and mid-latitude sea-surface temperatures, and that a significant ice-volume correction is necessary to yield realistic Paleogene temperature values. They felt that, in all probability, the earth has been glaciated since at least the Eocene (see also Poore and Matthews, 1984; Prentice and Matthews, 1988) . For the early Oligocene, Poore and Matthews (1984) concluded that the isotopic temperatures recorded not only an ice-volume effect (which would raise the interpreted paleotemperatures), but also an influence of low salinity values in the surface-water higher latitudes (which would lower the interpreted paleotemperatures). In their estimation, a permanent ice sheet of present-day size has existed from at least the early Oligocene.
With the study of additional deep-sea drill sections and the innovation of new ways to compare multiple isotopic records, a number of other investigators agreed in principle with the suggestion by Matthews and his colleagues of the presence of a continental Paleogene ice sheet, at least at times during the Oligocene (Miller and Fairbanks, 1983; Keigwin and Keller, 1984; Hsü et al., 1984; Shackleton et al., 1984; Wise et al., 1985; Miller and Thomas, 1985; Keigwin and Corliss, 1986; Shackleton, 1986) . There was no uniform agreement, however, on the magnitude of the ice-volume correction to be applied or, by inference, on the size and nature of the Antarctic ice sheet.
Of these various analyses, Miller et al. (1987) summarized the benthic foraminiferal record from the Atlantic and Pacific, Keigwin and Corliss, 1986) . Regression lines are those drawn by Keigwin and Corliss (1986) to indicate isotopic gradients for the Holocene and early Oligocene. Note that the high-latitude sites (277 and 511) have very similar values as the mid-latitude sites, producing a nearly flat isotopic gradient (highlighted by the hatched line). This would imply a flat paleotemperature gradient if no correction is considered for local salinity variations. Black triangle = value for Site 511 if a correction is made for salinity of 0.9‰ based on present-day surface-water values at these latitudes (after Wise et al., 1991) . Such a correction would yield a significantly steeper isotopic gradient for the early Oligocene.
and found for the Atlantic that during three intervals in the Oligocene, bottom-water paleotemperatures were unreasonably low (below that of the present-day oceans) if calculated on the basis of an ice-free world. They, therefore, established an ice-volume correction factor that yielded higher paleotemperatures than those derived for an ice-free world, and suggested that benthic δ 18 θ values above a 1.8‰ (PDB) threshold indicated the presence of an ice sheet on Antarctica. They concluded that such an ice sheet must have been present during each of their three events (ca. 35, 31, and 25 Ma) , which included the sharp positive shift during the earliest Oligocene. They noted that the ice sheet may have disappeared during portions of the Oligocene and early Miocene. Wise et al. (1985) had reached a similar conclusion for the earliest Oligocene based on their analysis of cores from Site 511 on the Falkland Plateau, the deepest subantarctic site analyzed at that time. They noted that if an ice-volume effect were not taken into consideration, the benthic isotopic paleotemperatures for the earliest Oligocene would equal those of the present day, thereby implying a present-day temperature/circulation regime for that region. Bottom temperatures at that depth would have fluctuated between about 0° and 4°C (paleotemperature scale "A" in Fig. 3 ). They reasoned that such an oceanographic regime today should produce a sedimentary record with abundant IRD, dropstones, Carbonate-free sediments at comparable depths, and very low diversities of calcareous planktonic microfossils, none of which was the case for the Oligocene sediments of this plateau, which consist primarily of nannofossil diatomaceous ooze (see also Muza et al., 1983) . Wise et al. (1985) were constrained to use mixed benthic assemblages because of the scarcity of foraminifers in their sequence. Nevertheless, if the criteria suggested by Miller et al. (1987) were applied to this site, continental glacial conditions would have existed during the earliest Oligocene, and paleotemperature scale "B" in Figure 3 would be the more applicable.
However, as the ice sheet waxed and waned on the continent, the amount of correction would have to vary as well, according to the volume and nature of the ice sheet. For that reason, a sliding scale would in theory be necessary if one could constrain by independent evidence the size and nature of the ice sheet.
Although the isotopic curves for both the benthic and planktonic foraminifers would be similarly affected by icevolume effects, the planktonic curve would also be subject to a "salinity effect" if salinity values were lower in the high southern latitudes than in the lower latitudes. A linear relationship exists between salinity and the isotopic composition of the water (Epstein and Mayer, 1953; Craig and Gordon, 1965) . A \%o salinity change causes a 0.5%o change in δ 18 θ of the water (Rye and Sommer, 1980; Broecker, 1989) . Modern surface waters of the Atlantic and Pacific Oceans yield salinity values up to 1.8%o lower in the high latitudes relative to the low latitudes (Broecker, 1989) . Lower salinity values might be produced by excessive precipitation and run off from continents or by the melting of glacial ice. This would drive the surface-water readings in the negative direction, thus balancing out some of the ice-volume effect. Poore and Matthews (1984) argued for the presence of a salinity effect in the high latitudes for the early Oligocene because they found that surface-water isotopic values at the mid-latitude Walvis Ridge Sites 522 and the subantarctic Sites 277 and 511 were essentially the same. Without a correction for salinity differences, this would imply similar paleotemperatures, but the absence of a significant temperature gradient over 20° of latitude seemed quite improbable to these authors.
The isotopic gradient between these regions is also flat in the data compiled by Keigwin and Corliss (1986) for the uppermost surface dwelling planktonic foraminifers, as pointed out by Wei and Wise (1990b; see hatched line in Fig.  4) . This, however, contradicts evidence for a strong lower Oligocene biological gradient between these regions. For Age (Ma) Figure 5 . Changes of relative abundances of cool-water calcareous nannofossil taxa (percent of total) across the Eocene/Oligocene boundary at Site 689 in the Weddell Sea (from Wei and Wise, 1990b) .
instance, Wei and Wise (1990b) showed that a steep latitudinal gradient among the calcareous nannoflora was established between the Walvis Ridge/Rio Grande Rise (about 30°S) and the Falkland Plateau/Maud Rise (50° to 65°S) during the earliest Oligocene. To demonstrate this, they first plotted the percentages of cool-and warm-water nannofossil taxa at various sites along a latitudinal traverse through the South Atlantic (Fig. 5) . Then they applied a polar ordination technique to compare the assemblages at each site through time (Fig. 6 ). Polar ordination is an axial method for putting samples in order according to their similarity values along an axis defined by two end member samples (see Cisne and Rabe, 1978 , for a detailed description of the method). Next, Wei and Wise (1990b) established the degree of similarity of the nannoflora of the different sites in relation to Site 689 for 3 time intervals to illustrate the dramatic shift that occurred at the earliest Oligocene (Fig. 7) . In Figure 7 , the similarity is expressed as correlation coefficients. Wei and Wise (1990b) then scaled their biological gradient against low-latitude isotopic paleotemperature curves corrected for ice volume in order to derive the isotherms shown in Figures 8A The above approach appears to be valid in that the order of the sites along the nannofossil biological gradients for each time slice indicated in Figure 7 is the same as for their geographic positions along latitude. This would not always be the case if the sites were ordered according to their isotopic values. As noted by Wei and Wise (1990b) , the average δ 18 θ value of the early Oligocene planktonic foraminifers (Globigerina ampliapertura) from Site 516 is about -0.7%o (Williams et al., 1985) , whereas at the lower latitude Site 522 (Poore and Matthews, 1984) , it is about 0.7%o. This would suggest surface-water temperatures up to 6°C warmer at Site 516 than at the lower latitude Site 522. The quantitative nannofossil data, however, indicate that the nannoflora at Sites 516 and 522 have similar temperature characteristics, but that the surface waters at the higher latitude Site 516 were slightly cooler. Wei and Wise (1990b) argued that it was quite likely that precipitation exceeded evaporation during the Oligocene in the high latitudes, as suggested by evidence for rain forests in those regions (Kemp, 1978) . A salinity effect might also explain the fact that the δ 18 θ values of Devereux (1967) from New Zealand are over \%o lower than those reported from the nearby open ocean drill sites on the Campbell Plateau and Macquarie Ridge by Shackleton and Kennett (1975) . Assuming a correction for salinity of 0.9‰ in δ 18 θ (about half that for present-day surface-water values at these latitudes), the paleotemperature curve in Figure 3 (or for any other high latitude site) could be rescaled, thus arriving at the bottom scale ("C") in Figure 3 . This scale indicates an average surface-water paleotemperature of about 7°C for the early Oligocene at Site 511, which agrees with that derived from the biogeographic gradient for the calcareous nannofossils (Fig. 8) . Previously, Wise et al. (1991) used a salinity correction of 1.3‰, which we now consider excessive. Alternative explanations can be postulated to account for the flat isotopic gradient depicted in Figure 4 . The burial depth of the lowermost Oligocene at Site 516 is in excess of 500 mbsf (Barker, Carlson, Johnson, et al., 1983) , thus diagenesis may be a factor. On the other hand, excessive evaporation in the mid latitudes could have increased the δ 18 θ values there. Model simulations by Barron and Peterson (1991) show surface salinity values of 37.5%c extending out from the Southwest African coast and over Site 522 from the Paleocene through the Miocene. This, combined with excessive precipitation in the high latitudes, could have produced the flat isotopic gradient noted in Figure 4 .
Ironically, Shackleton and Kennett (1975) , using no corrections for either ice volume or surface-water salinity values, derived surface-water paleotemperatures similar to those of Wei and Wise (1990b) for the subantarctic region and the margin of Age (Ma) Figure 6 . Changes in nannofossil assemblage characteristics across the Eocene/ Oligocene boundary expressed by polar ordination values for assemblages at sites along a latitudinal transect through the South Atlantic. The higher the values, the cooler the inferred surface-water temperatures (after Wei and Wise, 1990b) . See Figure  8A for the locations of these sites.
Antarctica. This is apparently because the ice-volume and salinity effects virtually canceled each other out at their subantarctic locality. Shackleton and Kennett (1975) , however, concluded from their analysis that sea ice could have been present during the early Oligocene but not an ice sheet. In Figure 4 , regression lines were drawn for the Eocene and Oligocene DSDP data by Keigwin and Corliss (1986) , which indicate much lower isotopic gradients than for the Holocene. In addition, the slopes for the Eocene and Oligocene regression lines are the same, indicating similar gradients across latitude. The salinity correction suggested above, plus additional data compiled by Zachos et al. (this volume; see discussions to follow) for more recently drilled ODP high-latitude sites in the Weddell Sea and on the Kerguelen Plateau, however, indicate that the earliest Oligocene gradient was considerably steeper relative to that suggested by Keigwin and Corliss (1986) , more similar to that of the present day, as suggested by the biological data outlined above. On this basis, Zachos et al. (this volume) think that an ice sheet could have been supported by the implied sea-surface temperatures.
The above examples illustrate, however, how difficult it is to assess the presence/absence and probable nature of Antarctic ice using stable isotopes alone. Many assumptions that cannot be easily verified by independent evidence need to be made. Investigators agree that more direct evidence of early Oligocene glaciation must be obtained if the fundamental questions on Paleogene glaciation posed previously are to be answered. As a result of the recent exploration efforts, additional evidence is beginning to accumulate.
On the continent, a most unusual line of evidence was developed with the discovery of reworked Cenozoic microfossils, mainly diatoms, in upper Neogene tills of the Sirius Group, a series of glacial deposits in the Transantarctic Mountains (McKelvey et al., 1987 (McKelvey et al., , 1991 . Recycled diatom fragments were first discovered in the field in 1978 by H. T. Brady, who thought they were contaminants from snow he melted to make the microfossil preparations (H. T. Brady, pers. comm. to DMH, 1988) . Four years later, diatoms in these tills were rediscovered by Harwood (1983) , who recognized their possible significance. Webb et al. (1983 Webb et al. ( , 1984 , and references therein) then recovered rich Pliocene, Miocene, Oligocene, and Eocene siliceous and calcareous microfossil assemblages in over a third of the Sirius Group samples examined from a variety of locations (Fig. 9 ). They suggested that the microfossils had been eroded from intracratonic marine basins now buried beneath the East Antarctic ice sheet. The presence of the recycled fossils would indicate that the basins were ice-free or emergent at some times, and their absence might imply times when the basins were occupied by ice. On this basis, Webb et al. (1984) and Harwood et al. (in press ; see additional references therein) concluded that an ice sheet may have been present over East Antarctica during the latest Eocene-earliest Oligocene (Fig. I0) . 7 7 Investigators also discovered finger-size pieces of fossil wood and numerous leaf impressions of Nothofagus in tills of the Sirius Group of the Transantarctic Mountains and dated them as Pliocene Peterson, 1991; Harwood et al., in press ). As a result, Webb and his colleagues postulated a series of major deglaciations of the Antarctic ice sheets during Oligocene to mid-Pliocene times. They considered these ice sheets to have been "temperate" in nature and suggested that Pliocene deglaciations, which may have destroyed much of the ice sheet, occurred as late as 3.4 to 2.8 Ma (Harwood, 1985; Webb et al., 1984; Webb and Harwood, 1987; Harwood et al., in press ; D. M. Harwood and P.-N. Webb, unpubl. data, 1990; Barrett, in press ; see also Breza, this volume, and Dowsett and Cronin, 1990) . After that, a colder, "polar" ice sheet formed, which has existed to the present day. The notion of a strong deglacial event during the mid-Pliocene has been strongly disputed by Prentice and Matthews (1988) , , and Denton et al. (in press ).  see also To the north of the Weddell Sea, near the tip of the Antarctic Peninsula, Birkenmajer and Gazdzicki (1986) and obtained a K-Ar radiometric date more than 26.6 Ma (probably ca. 29.5 Ma) on andesitic-dacitic lavas that overlie Paleogene glaciomarine sediments and till thought to be Oligocene in age (Birkenmajer et al., 1988; Gazdzicki, 1989) . Aside from the minimum age provided by the radiometric date, however, the age of the tillite is derived from calcareous nannofossils and foraminifers within the sequence. The till represents the "Polenz Glaciation," which according to Birkenmajer et al. (1988, p. 9 ) is the most extensive of the several Cenozoic cryospheric events recorded in Antarctica.
The Oligocene age attributed to the assemblage mentioned above cannot be confirmed. All of the specimens well illustrated by SEM appear to have been reworked from the Eocene. This includes a chalk-encrusted foraminifer that has been illustrated in a number of publications with various interpretations as to age (cf. Gazdzicka and Gazdzicki, 1985; Birkenmajer and Gazdzicki, 1986; and Gazdzicki, 1989) ; a middle Eocene age appears to be most likely for the specimen based on the presence of the nannofossil Chiasmolithus gigas (Wise, 1988) . Gazdzicka and Gazdzicki (1985) report from the assemblage, but do not illustrate, a specimen of Coronocyclus nitescens (Kamptner), which Birkenmajer et al. (1988) used to place a maximum age of ca. 31-32 Ma (late early Oligocene) on the glacial deposits in question. Virtually identical forms, however, have been described from the Eocene by Hay et al. (1966) as Coronocyclus serratus, which some consider to be a junior synonym of C. nitescens (Perch-Nielsen, 1985) . Other specimens from neptunian dikes through the glacial unit in question are said to contain specimens of the Oligocene(?)-Pliocene Sphenolithus abies. The specimen illustrated (Birkenmajer et al., 1988 , plate 1, fig. 14) , however, is poorly preserved, displays no apical spine, and cannot be identified as 5. abies, which most specialists consider to be middle Miocene to middle Pliocene in age (Perch-Nielsen, 1985) .
With the resumption of Antarctic deep-sea drilling in 1987 after an 8-yr hiatus, ODP Leg 113 drilled Site 693 on the East Antarctic margin in the Weddell Sea (Fig. 1) . There, a 47-m-thick sequence of Oligocene diatomaceous muds (Fig.  11 ) containing ice-rafted sands and dropstones (Fig. 12 ) was dated at 33 Ma (early Oligocene). These deposits along the continental slope (present-day water depth = 2359 m) provided the first unequivocal evidence of Paleogene ice-rafting beyond the inland seas and shelves of Antarctica (Leg 113 Shipboard Scientific Party, 1987) . The base of this sequence is separated by a disconformity from mid-Cretaceous sediments below . Erosion, possibly induced by the onset of glacial activity at sea level in the Weddell Sea, erased any sedimentary record of the sharp earliest Oligocene climatic event recorded elsewhere in the isotopic record. Offshore on Maud Rise, where a complete latest Eocene-early Oligocene transition was recorded in carbonate sediments at Site 689, no IRD was detected in the lowermost Oligocene , 1990 . Nevertheless, Wise et al. (1987) interpreted the ice-rafted debris at Site 693 as evidence of the presence of an early Oligocene East Antarctic ice sheet. , however, did not consider the evidence gathered during Leg 113 strong enough to postulate the existence of such an ice sheet. They judged the amount of lower Oligocene IRD to be minor relative to that in the Neogene, although the amount of gravel recorded by Grobe et al. (1990, figs. 2 and 3) in those cores is comparable with that in most Neogene samples, except for higher amounts in the latest Miocene. The amount of IRD noted in the lower Oligocene by Grobe et al. (1990) , however, appears to have been understated as a result Figure 10 . Episodes of marine deposition in the Wilkes-Pensacola basins as indicated by the presence of diatoms and other marine microfossils reworked into the Sirius Group tills (see Fig. 9 ) (after Harwood, 1983; Harwood et al., in press ). For the post-Paleocene interval, the absence of such fossils could indicate times that these basins were occupied by an ice cover.
of their sample spacing. For instance, they report in their text no gravel in Core 113-693B-18X, although significant amounts of IRD and dropstones are evident in the two photographs of that core (Figs. 12A and B) . A predominance of illite in the clay fractions of the Oligocene cores at Site 693 attests to a dominance of physical weathering processes onshore (Grobe et al., 1990; Robert and Maillot, 1990) . Through their clay mineral analyses, Robert and Maillot (1990) showed that a major change from chemical to physical weathering processes occurred on East Antarctica at some time around the Eocene/Oligocene boundary, indicating the onset of a colder climate. This resulted in a change from smectite-to illite-dominated clay mineral assemblages at Maud Rise Sites 689 and 690, 700 km northeast of Site 693 (Fig. 1) . Thin beds of nannofossil ooze in the upper Oligocene at Site 693, however, indicate brief intervals of climate amelioration on East Antarctica during that epoch (Wei and Wise, 1990b) .
Meanwhile, two holes drilled on the Antarctic continental shelf in the Ross Sea area by a New Zealand team recovered upper Oligocene to lower Miocene glacial sediments in the MSSTS-1 drill core (Barrett, 1986; Barrett et al., 1987a) and glacial marine sediments as old as 36 Ma (earliest Oligocene) at the nearby CIROS-1 drill site ; see also Wei, this volume, Chapter 64). Harwood et al. (1989a) reviewed criteria for dating the CIROS-1 drill core and revised previous ages for the base of the MSSTS-1 core. The 702-mlong CIROS-1 core hole provided the most complete Paleogene glacial record to date and the only one for which an attempt has been made to correlate glacial pulses with eustatic sea-level drops (Fig. 13) .
The drill rig at the CIROS-1 site was located on present-day ephemeral sea ice, but the presence of lodgment tills at this location indicated that the ice front extended at times during the Oligocene well beyond that of the present day. Deep-water mudstone units, interbedded with the glacial tills, suggest that when ice sheets were present, there was wide variation in ice margin position and ice volume. The initial interpretation of the sequence suggested that the early Oligocene ice stemmed from valley glaciers along the Transantarctic Mountains that reached sea level, and that this alpine glaciation was followed in the late Oligocene by the full-scale development of several ice sheets in East Antarctica that advanced repeatedly over the drill site (Barrett et al., 1987b (Barrett et al., , 1991 . Variations in water depth and glacial extent indicate considerable changes in the ice sheet during the Oligocene (Fig. 13) , which are not reflected in the deep-sea isotope records (left portion of Fig.  13 ). There is a considerable difference between the ice volume estimates rendered by the isotope studies of Miller et al. (1987) and Prentice and Matthews (1988) ; the latter estimate an Oligocene ice volume as much as twice that of the present day. From their interpretation of the physical record of the CIROS-1 core, Barrett et al. (1989) suggested an ice volume intermediate between the estimates based on the two isotope studies. They also correlated the intensification of cryospheric activity during the mid-Oligocene with the major Oligocene sea-level drop, now dated by Haq et al. (1987) at 30 Ma (Fig.  13 ).
Pollen and a fossil leaf recovered in CIROS-1 (Mildenhall, 1989; Hill, 1989 ; see also Barrett et al., 1989) identify a "cool to cold temperature" terrestrial climate on the flanks of the adjacent transantarctic mountains, where coastal enclaves of vegetation persisted through repeated phases of glacial advances in the late Oligocene. Harwood et al. (in press) think that the "temperate" character and repeated growth/decay of continental-scale glaciations recorded in CIROS-1 provide a good analog for subsequent pre-Pleistocene glacial-deglacial variations. Their example from the CIROS-1 core demonstrates how physical evidence from the Antarctic continent itself can be critical in constraining and rendering more accurate interpretations of the distal proxy (i.e., deep-sea) records.
Further drilling by the JOIDES Resolution in Prydz Bay, Antarctica (Fig. 1) by Leg 119 (Leg 119 Shipboard Scientific Party, 1988; Barron, Larsen, et al., 1989 , 1991 . IRD occurrences from Grobe et al. (1990) ; black indicates recovered intervals (from Wise et al., 1991) .
below sea level (Fig. 14) . Below these sediments are more diamictites, which magnetostratigraphy indicated could be late Eocene to latest middle Eocene in age. The areal extent (as shown by seismic stratigraphy) and overcompacted nature of these sediments indicate that grounded ice in the past extended at least 140 km beyond the limits of the present-day ice shelf. This convinced the Leg 119 scientists that full-scale ice-sheet development had taken place over East Antarctica by early Oligocene time or possibly earlier (Leg 119 Shipboard Scientific Party, 1988; Barron et al., 1991a) . In addition to the above, Leg 119 encountered lower Oligocene quartz sands and granules at Sites 738 and 744 on the southern Kerguelen Plateau (Fig. 1) , some or all of which they speculated could have been ice-rafted from East Antarctica, West Antarctica or from islands on the plateau itself (Barron, Larsen, et al., 1989) . The presence of lower Oligocene IRD in these cores has been confirmed by Ehrmann (1991) as well as by our own studies of the material. During cruise Leg 120 to the Central Kerguelen Plateau, lower Oligocene IRD was recovered at Site 748 at a shallowwater depth (1250 m) and at 58°26. setting of the site and the coarse size of the material ruled out transport of the clastic materials by turbidity currents, nepheloid layers, or wind. The IRD is contained within a stratum of biosiliceous nannofossil ooze (Fig. 15) and is composed of predominately fine to coarse sand-sized material consisting of quartz, altered feldspars, and minor amounts of mica and heavy minerals (Breza and Wise, this volume) . A large portion of the quartz grains are highly angular with fresh conchoidal fractures and other surface textures that, according to Krinsley and Donahue (1968) , are characteristic of glacially derived material (Figs. 16A-16C ). Scanning electron microscope, energy dispersive X-ray, and petrographic studies also confirm the presence of a heavy mineral suite characteristic of metamorphic or plutonic source rocks (e.g., Fig. 16D ), indicating ice-rafting from East Antarctica rather than from local sources on the Kerguelen Plateau (a volcanic edifice) or from the devitrification of volcanic ash (Breza et al., 1988; Breza and Wise, this volume) .
The IRD at Site 748 is earliest Oligocene in age (35.8-36 Ma; see Appendix). It coincides with a dramatic increase in the percentage of cold-water calcareous nannofossils (Fig. 17 Zachos, et al., this volume) . The percent calcium carbonate in the sediment drops from -95% to -75% at the same point in the core (Fig. 18) .
A similar coincidence of lower Oligocene IRD with an increase in stable isotope values and biosiliceous material and a decrease in CaCO 3 plus a change in clay mineral assemblages was reported at Leg 119 Sites 738 and 744 to the south (63° and 62°S latitude, respectively) (Barron et al., 1991a; Ehrmann, 1991; Barrera and Huber, 1991) . The IRD at Site 738, however, is about lm.y. younger than that at the other two Southern Kerguelen Plateau sites (see Appendix for age models of these occurrences).
As noted previously, the occurrence of lower Oligocene IRD at Site 748 some 1000 km north of the Antarctic continent (the lowest latitudinal occurrence known for the early Oligocene) and its coincidence with the sharp 6 18 O shift led Breza et al. (1988) , Zachos et al. (1989) , Breza and Wise (this volume) , and Zachos et al. (this volume) to postulate the existence of an earliest Oligocene ice sheet on the Antarctic continent.
The stratigraphic occurrences of reported Paleogene glacial and glaciomarine sediments are compared in Figure 20 . Some of the stable isotope records on which interpretations of cryospheric development have been made are reproduced in Figures 2, 3 , 13, 18, 19, and 20 (right sea level Figure 13 . Stratigraphy of the CIROS-1 drill core from the Ross Sea showing inferred variation in ice extent and water depth (center) and correlations with the sea level curve of Haq et al. (1987) , the smoothed oxygen isotope curves for benthic foraminifers from the Atlantic and Pacific of Miller et al. (1987) , and an ice-volume curve based on the difference between benthic and planktonic oxygen isotope data from Prentice and Matthews (1988) . is highly interpretative, and in some instances the same evidence has been cited to support both sides of the issue. We can summarize the main arguments that can be made in favor of the existence of an early Oligocene ice sheet(s) on Antarctica as follows:
1. The benthic and/or planktonic foraminiferal stable isotope records reflect evidence of an ice-volume effect; therefore an ice sheet must have been in existence (Matthews and Poore, 1980; Miller and Fairbanks, 1983; Keigwin and Keller, 1984; Hsü et al., 1984; Shackleton et al., 1984; Wise et al., 1985; Miller and Thomas, 1985; Keigwin and Corliss, 1986; Shackleton, 1986; Zachos et al., this volume) . If the planktonic foraminifers did not show a significant ice-volume effect, tropical and mid latitude sea surface paleotemperatures would be unacceptably low (Poore and Matthews, 1984) .
2. The sharp positive stable isotope shift is the most profound of the Cenozoic and is correlated with the development of the psychrosphere (Shackleton and Kennett, 1975) and with ice-rafting well beyond the margins of the Antarctic continent at Site 748 (Breza et al., 1988; Zachos et al., 1989; Figure 15 . Occurrence of lower Oligocene ice-rafted debris (IRD) in a siliceous nannofossil ooze in Hole 748B on the Kerguelen Plateau, 1000 km north of East Antarctica, which was the source for the material. Lithology and sediment components determined from smear slide analysis. The graph shows the vertical extent of the ice-rafted event and its apparent accumulation rate (from Breza and Wise, this volume). Letters "A" through "O" refer to intervals of the samples analyzed for IRD.
of which suggests a major cryospheric event. A similar correlation can be made at Sites 738 and 744 (Barron et al., 1991a) . 3. Paleontologic data show a significant cooling and a steepening of latitudinal gradients during the earliest Oligocene that resulted in the reorganization of planktonic biogeographic provinces (Haq et al., 1977 (Haq et al., , 1979 Kennett, 1978; Sancetta, 1979; Wei and Wise, 1990b, in press; Wei et al., this volume) .
4. Glaciomarine sediments have been discovered at three widely spaced localities around Antarctica (Weddell Sea, Ross Sea, and Prydz Bay). Such widespread glaciation must be supported by an ice sheet (Leg 119 Shipboard Scientific Party, 1988; Wise et al., 1991) .
5. IRD has been detected as much as 1000 km beyond the Antarctic margin; the source is most likely East Antarctica (Breza et al., 1988; Wise et al., 1991; Breza and Wise, this volume) . Transport over these distances through waters warmer than those of today at those latitudes requires large icebergs. Such icebergs must have been calved from ice sheets, not valley glaciers (Mercer, 1973 (Mercer, , 1978 .
6. During the Oligocene, grounded ice in both the Ross Sea and Prydz Bay extended well beyond the limits of the presentday ice front, thereby implying extensive ice in the form of an ice sheet (Barron, Larsen, et al., 1989; Barron et al., 1991a; Barrett et al., 1989) .
7. Sedimentary evidence in CIROS-1 argues against a significant influence of sea ice on sedimentation in the western Ross Sea (Barrett, 1989; Barrett et al., 1989) ; therefore, a sea-ice mechanism may not have been a significant factor in the development of the psychrosphere, as suggested by Shackleton and Kennett (1975) . The mere cooling of Antarctic B Figure 16 . Scanning electron micrographs of sand-size clastic grains of IRD from the lower Oligocene siliceous nannofossil ooze stratum indicated in Figure 15 (from Breza and Wise, this volume). A. Quartz grain showing sharp angular outline and smooth dish-shaped conchoidal fractures, textures characteristic of glacial environments (Sample 120-748B-14H-2, 7-9 cm, ×120). B. Quartz grain with arc-shaped, steplike fractures (Sample 120-748B-14H-1, 145-149 cm, ×900). C. Quartz grain with arc-shaped, steplike fractures bounded above and below by etch pits along the unbroken grain surface; fractures are characteristic of glacial environments (Sample 120-748B-14H-1, 145-149 cm, ×400). D. Etched (V-shaped markings), subangular garnet grain indicative of a plutonic or metamorphic source on the East Antarctic craton (Sample 120-748B-14H-2, 7-9 cm, ×160).
surface waters (as the coldest in the Oligocene ocean) and the profound effects of the grounding of the ice sheet at sea level might also suffice.
8. The absence of recycled upper Eocene or lower Oligocene marine microfossils in the Sinus Group tills of the Transantarctic Mountains (Fig. 9 ) may indicate that the interior seaways of Antarctica were covered by glacial ice at that time Webb et al., 1984) , although emergence of the basins above sea level and limited recovery could also explain their absence.
Arguments against the presence of a significant early Oligocene ice sheet on Antarctica include the following:
1. There is no sedimentary evidence in the CIROS-1 cores to suggest extensive formation of sea ice in the Ross Sea . This could imply that climate was not sufficiently cold to support an ice sheet. Sea ice can form in the absence of an ice sheet, as it does today in the northern Sea of Japan, which is the best ventilated of all marginal seas (Shipboard Scientific Party, 1990 ). Thus, winter-sea ice formation, even in moderate amounts, may account for the initiation of the psychrosphere during the earliest Oligocene (Shackleton and Kennett, 1975) .
2. Beech forests continued to persist on Antarctica, at least in refugia, throughout the entire Oligocene (Kemp and Barrett, 1975; Mildenhall, 1989) . This evidence, which includes a fossil Nothofagus leaf in the upper Oligocene of the CIROS-1 core (Hill, 1989) , could imply mild climates and the absence of an ice sheet (Kennett, 1977) . 3. There is no profound sea-level drop recorded in the earliest Oligocene that would correspond to the formation of an ice sheet (see Vail et al., 1977; Haq et al., 1987) . Elaborate models to explain this discrepancy with the stable isotopic record rely on seismic stratigraphic interpretation and still await rigorous testing . 4. Conditions around Antarctica were sufficiently warm to allow the accumulation of nannofossils (sometimes of surprising diversity) in the Ross Sea and Prydz Bay during much of the early Oligocene (Edwards and Waghorn, 1989; Wei, this volume, Chapter 64; Wei and Thierstein, 1991) and of nannofossil ooze at Site 693 on the East Antarctic margin during the late Oligocene (Wei and Wise, 1990a) . This may well imply the absence of an ice sheet.
5. The IRD along the Antarctic margin could have been transported by small but very "dirty" icebergs calved from valley glaciers.
6. The Oligocene IRD at Site 693 is volumetrically minor ); IRD at Site 748 represents a very short-lived event (Breza and Wise, this volume) that does not reoccur there until the late Miocene and could be of only local significance.
7. The stable isotope record is difficult to interpret, as it is inherently ambiguous, and detailed information is still lacking . The available data can be interpreted reasonably without resorting to an appeal to a significant Oligocene ice sheet (Savin et al., 1975; Shackleton and Kennett, 1975; Savin, 1977; Woodruff et al., 1981) . 9 y Although Williams et al. (1985) accepted this interpretation, they noted that an ice-volume correction may eventually prove necessary. Oberhànsli and Toumarkine (1985, pp. 143-144 ) studied a transect of DSDP Leg 73 sites on the Walvis Ridge, but they avoided taking a position, noting the following: "The interpretation of the increase in Oxygen-18 at the Eocene/Oligocene boundary is still controversial. . . . Further studies will prove whether, or to what extent, a continental glaciation contributed to this increase."
8. The present-day continental shelves of Antarctica have been eroded and depressed by the action and weight of the ice sheets; thus the shelf depths there are presently much deeper than along other continents. During the early Oligocene, the Antarctic shelves would have been much shallower; thus, it would be possible for valley glaciers to ground much farther out on these shelves relative to today (Wise et al., 1991; Anderson, in press; Anderson et al., 1991) . No ice sheet, therefore, is needed to explain the fact that ice was grounded farther out into Prydz Bay and the Ross Sea during the Oligocene relative to today.
Paleogeographic Reconstructions for the Early
Oligocene At this writing, the majority of investigators favor the presence of not only a late Oligocene ice sheet, but of an early Oligocene ice sheet as well, at least as a temporary feature. The present authors share this view and envision a temperate ice sheet that underwent considerable growth and decay at various times during the Oligocene. Investigators agree that where independent lines of evidence coincide (e.g., where a strong positive oxygen isotopic shift is recorded in the same samples as appreciable IRD), then an ice sheet can be postulated, no matter how ephemeral it may have been. Such data for the earliest Oligocene at Site 748 on the Kerguelen Plateau is considered compelling evidence for the existence of a major ice sheet, even if for a limited time .
The major remaining contention centers on the persistence and nature of the Oligocene ice sheet(s). More direct evidence from the continent is needed to settle this matter as well as such issues as the timing of deglaciations, including those suggested for the Pliocene. If one does postulate the existence of Oligocene continental ice sheets, then there are additional questions to consider. For instance, some authors have speculated on the location, nature, and development of the ice sheet. On her paleogeographic maps, Kemp (1978) indicated an interior "ice cover" over east Antarctica near the Ross Sea during the early Oligocene and an "ice cap" that reached sea level along the southern Ross Sea and the coast of Wilkes Land during the late Oligocene. Kvasov and Verbitzky (1981) used modeling experiments to help calculate the size and position of the ice sheet since the beginning of the Oligocene. In their model Antarctic glaciation would have begun with a series of coalescing valley glaciers in the Gamburtzev Mountains (Fig. 9 , "G") (also see Denton et al., 1971) . Kvasov and Verbitzky (1981) mapped several stages in a progressive growth of the ice sheet through the Oligocene-Miocene with a maximum expansion at 5 Ma, before an early Pliocene warming and possible disintegration of the West Antarctic ice sheet as postulated by Ciesielski and Weaver (1974;  see also Footnote 2 and Fig. 2) . Webb et al. (1984) took into account the possibility of subglacial intracratonic basins on Antarctica (Fig. 10 ) and postulated the existence of interior seaways through this region during the nonglacial intervals of the Cenozoic; during glacial intervals these seaways would have been filled with ice. Harwood et al. (in press) believe numerous ice sheets of various sizes have developed over this region since at least the late Eocene. These authors concluded that the Oligocene through middle Pliocene ice sheets were "temperate" in nature and flat (pancake-like) in shape, and that colder, "polar" ice sheets (high, dome-shaped) as we know them today only developed during the past 2.4 m.y. At that time glacial conditions intensified at both poles, leading to the reglaciation of Antarctica and the initiation of Northern Hemisphere glaciations. Because of this change in the character of the Antarctic ice sheets, they suggested that the present ice sheet and the processes by which it influences oceanic and continental records are not good analogs by which to characterize those of the Oligocene or Miocene. Wise et al. (1985) also speculated on the probable location and extent of ice on the continent during the early Oligocene. They envisioned an intermediate stage between the presentday conditions and an "ice-free world," and they postulated the presence of a moderate-sized ice sheet on East Antarctica. They noted that ice sheets on both hemispheres today are not centered on, and probably were not initiated in, mountain ranges but instead occupy the lowlands (Denton et al., 1971) . Ice sheet formation in Antarctica during the Oligocene, therefore, probably began at comparatively low elevations (2500-3000 m) on plateaus of the East Antarctic craton. Such topographic highs are evident over this region on present-day subglacial maps (e.g., Drewry, 1983, and Fig. 10 ). In addition to low temperatures, moisture sources necessary to nourish the ice mass would likely have been the interior seas, such as those postulated by Zinsmeister (1978) and Webb et al. (1984) as well as the newly expanding seaway between Australia and Antarctica (Bartek, 1989; Bartek et al., in press) . Like the North American and NW European Pleistocene ice sheets, the Antarctic ice sheet could have advanced and retreated great distances across the continent and onto the then shallower continental shelves over geologically short periods of time. Wise et al. (1985) thought that the early Oligocene ice sheet was more or less "hidden" on the interior of the continent and that, if it did reach sea level, any ice-rafting would have been rather localized. As mentioned previously, however, the more recent drilling in the Weddell and Ross seas and off Prydz Bay has shown that ice-rafting did extend some distance beyond the continent. The IRD from Site 748 was recovered from a siliceous nannofossil ooze sequence; thus, the waters over the site must have been warmer during the early Oligocene than today. This would limit the travel distance of any icebergs and would require especially large icebergs to reach this location. The shortest travel distance would be for icebergs emanating from Prydz Bay, but any such bergs would have to travel north-northeast to reach the sites along the Kerguelen Plateau at which lower Oligocene IRD has been reported. This would require drifting against the prevailing circulation pattern (the east wind drift) in the region today. Either circulation patterns were quite different during the early Oligocene, or the bergs must have come from further east, perhaps as far way as the Ross Sea. The latter seems unlikely, however, considering that the surface temperatures were higher than today, and any bergs reaching the Kerguelen Plateau would have to be of extraordinary size, perhaps from shelf ice. Kemp (1978) pointed out that the ice margin controls the position of the circumpolar easterlies. If only a moderate-size ice sheet were present and it reached the margin only briefly and intermittently during the earliest Oligocene, then the position of the easterlies may have fluctuated considerably in relation to the East Antarctic margin. Furthermore, Prydz Bay is today the most northerly of the Antarctic margin drill sites discussed (Fig. 20) . According to some reconstructions (e.g., Scotese et al., 1988) , it would have been positioned an additional 5° farther north during the early Oligocene. Thus, the easterly Antarctic coastal current may have been only weakly developed or even absent in this region. The westerlies, therefore, were probably dominant offshore from the present-day Prydz Bay, and if the easterlies did move offshore during peak glacial events, they would have occupied only a narrow belt relative to today. It may have been quite possible for large bergs to have crossed this belt (if it did exist), to become entrained in the westerly current, and to eventually drift over the Southern Kerguelen Plateau as suggested in Figure 20 . Occurrences of known or suspected Paleogene IRD and glaciomarine sediments (after Wise et al., 1991) . Oxygen isotope curve from Sites 689 and 690 (right) is from Kennett and Stott (1990) . 1 = Hayes, Frakes, et al. (1975) ; 2 = Barrett (1986), Harwood et al. (1989a); 3 = Harwood et al. (1989a); 4 = LeMasurier and Rex (1982, 1983) ; 5 = Barker, The polar easterlies would tend to drift calving icebergs to the west, but the configuration of the shoreline would force surface currents north where the bergs would become entrained in currents driven by the zonal westerlies. Eventually the bergs would drift over the Kerguelen Plateau where lower Oligocene IRD has been observed at Sites 738, 744, and 748. Figure 21 . If the easterlies were not well developed off Prydz Bay, the icebergs could have followed an even more direct track to the Southern Kerguelen Plateau. Another interesting point for speculation is the relative size of the Oligocene ice sheet in comparison with the modern ice sheet and any that preceded it during the late Eocene. Zachos et al. (this volume) approach this problem by recalculating the latitudinal surface-water δ 18 θ gradients of Keigwin and Corliss (1986; see Fig. 4 ) for the late Eocene and early Oligocene in view of the new high latitude isotopic data derived from their study and from Leg 113 to the Weddell Sea (Site 689, Maud Rise, 65°S; Stott et al., 1990) . The most negative planktonic foraminiferal δ 18 θ values were chosen from each site to better reflect surface-water conditions, and the data for the late Eocene and early Oligocene were fit to polynomial (quadratic) regression curves (Fig. 22) .
The early Oligocene high-latitude surface-water temperatures were clearly much lower than estimated by the original reconstruction of Keigwin and Corliss (1986) , in agreement with the independent line of evidence offered by the nannofossil evidence from Legs 113 and 120 ( however, it is difficult to estimate how much of the earliest Oligocene change in δ 18 θ values for the planktonic and benthic foraminifers should be attributed to an ice-volume increase vs. a temperature decrease. At present, independent estimates derived from isotopic vs. biological latitudinal gradients provide somewhat different results. Zachos et al. (this volume) find that the late Eocene and early Oligocene planktonic foraminiferal δ 18 θ values from Sites 748 and 689 are as much as 0.75%o to l.O‰ (3°-4°C) higher than the values predicted from the gradients derived by Keigwin and Corliss (1986) (cf. Figs. 4 and 22) , and the early Oligocene gradient shows a slightly greater slope than the late Eocene gradient toward the high latitudes (Fig. 22) . The mean offset in latitudinal isotopic gradients from the late Eocene to early Oligocene at low latitudes is about 0.3%o to 0.4%o, which Zachos et al. (this volume) suggest may be attributable to ice-volume change (assuming a constant tropical sea-surface temperature). The additional offset between the curves at 65°l atitude is 0.6%c. Zachos et al. (this volume) attribute the difference of 0.2%o to 0.3%o in the earliest Oligocene to lowered temperatures at the high latitudes. By similar reasoning, the l.O‰ to 1.2‰ increase recorded by benthic foraminifers in the earliest Oligocene could represent the combined affects of a 3°-4°C decrease in deep-water temperatures and a 0.4%o ice-volume signal. This latter value agrees with the 0.4%o ice-volume effect suggested from isotope studies by Keigwin and Keller (1984) and Miller et al. (1987) and the 0.3%^0.5% 0 correction by Wise et al. (1985) .
After the global isotopic shift, the Oligocene benthic foraminiferal δ 18 θ values from Site 748 (Fig. 19) , as well as those from Sites 689 and 690 on Maud Rise (1.94%<^-2.65%o according to Stott and Kennett, 1990 ), remain well above the threshold value of 1.8‰ that Miller et al. (1987) set for the existence of an Antarctic ice sheet. By this line of reasoning, one would have to assume the existence of such an ice sheet throughout the Oligocene, unless one assumes the possibility of higher salinity values rather than lower temperatures (Zachos et al., this volume) . However, Wei and Wise (in press) argue that salinity values were probably lower rather than higher in the surface waters adjacent to Antarctica during the early Oligocene (see Fig. 4 ).
In contrast to the above, Wei et al. (this volume) attribute a much greater percentage of the surface-water isotopic change in the earliest Oligocene to temperature change. They note that the increase in the percentage of cool-water nannofossils at this time is the most drastic at anytime during the Eocene-Oligocene interval (Fig. 17) , a result mirrored at Site 689 at 65°S in the Weddell Sea (Wei et al., this volume, fig. 14) . The latitudinal thermal gradient in the surface waters must have increased considerably at this time. These authors find that the abundance change of cool-water taxa at Site 748 (from ca. 20% to >90%) is comparable with the change from -30° to 65°S latitude in the late Eocene South Atlantic, where a surface-water temperature difference of at least 4°C has been estimated (Shackleton and Boersma, 1981) . If this value is accepted for this particular site, then the temperature drop would account for at least a 0.9%o increase in the δ 18 θ values of planktonic foraminifers recorded by Zachos et al. (this volume) . The remaining 0.1%o or less increase in δ 18 θ values would then be attributed to an increase of ice volume on Antarctica (see further discussion by Wei et al., this volume) .
The results of both of these methods of estimating temperature change and ice volume are considered preliminary, and a refinement of these methods and the resulting estimates is the subject of current research. High-resolution sampling, study of additional sites, improved statistical techniques for handling the data, and further attempts to account for salinity effects on the isotopic values as suggested by Wise et al. (1991; see also Fig. 4 ) may lead to useful refinements and a better resolution of the differences in the estimates produced by the two methods described above.
Dramatic cooling of the surface waters in the high latitudes surrounding the continent during the earliest Oligocene, however, is implied by both the stable isotopic and nannofossil data, and is the expected response for an ice sheet that reached sea level at several points around the continent. The effect was immediate and profound as it affected phytoplankton populations. One can postulate a similar effect on bottomwater isotopic values, and Boersma (1985, and references therein) suggested a migration of deep water benthic foraminifers to shallower depths as a result of cooling of deep water masses. Nevertheless, benthic foraminiferal and ostracod assemblages were little affected in terms of faunal turnover and species diversity (Thomas, 1990, and references therein; Benson, 1975 , Benson et al., 1985 . How could such a major environmental event not have a more drastic effect on these benthic organisms? The answer may lie in the fact that the earliest Oligocene decrease in high-latitude temperatures was small in comparison with the longer term trend for the Eocene, where benthic values increased as much as 1.50‰ (Figs. 2 and 20) . Low-latitude values had increased by about 0.5%o. This may suggest that Eocene benthic foraminiferal assemblages had already been exposed to considerable cooling, particularly in the high latitudes, and major faunal overturn on the Kerguelen Plateau and elsewhere had already taken place starting in the late middle Eocene (Mackensen and Berggren, this volume). In this sense, the early Oligocene benthic faunas may have been preadapted to the trauma of further cooling and, thus were little affected by the earliest Oligocene event. Similarly, the nannofossil assemblages showed little change in diversity at either high or low latitudes (Fig. 23) , although the extinction of large-bodied, many-rayed discoasters (Discoaster barbadiensis and D. saipanensis) occurred close to the Eocene/Oligocene boundary at low latitudes (Bukry, 1973) .
The above explanation may not be considered satisfactory to specialists who work with benthic faunas, and more research clearly needs to be done on this problem. To date, the high latitude nannoplankton are the only surface-water group that has been documented to show a drastic change in the earliest Oligocene (Wei et al., this volume) coincident with the dramatic shift in the isotopic composition of the benthic and planktonic foraminifers. Similar analyses need to be performed on the high latitude planktonic foraminifers to see if they exhibit a similar rapid assemblage change in the earliest Oligocene.
Another question that has been pondered is the triggering mechanism that produced the formation of the first ice sheet on the continent. Kennett (1977) suggested that the development of the Antarctic Ocean by plate tectonics isolated Antarctica and led to its cooling and subsequent cryospheric development. The cooling began around 52-53 Ma (Fig. 20) , and the development of the Tasmanian seaway may have led to the Eocene/Oligocene cryospheric threshold event (Kennett, 1977) . Bartek (1989) and Bartek et al. (in press) suggest that in addition to the thermal isolation of Antarctica, the development of the seaway between Antarctica and the Aus-tro-New Zealand landmasses produced an atmospheric system that allowed ice-sheet formation. By this model, seasonal low pressure systems along the Antarctic coast would have produced onshore winds that transported moist air onto the cold interior of the continent, increasing precipitation and leading to the formation of the first ice sheet. Zachos et al. (this volume) review this type of "snow gun" hypothesis in light of ice-sheet size and critical temperatures at the ice margin or in the surrounding oceans. Bartek (1989) and Bartek et al. (in press) and others argue that ice-sheet formation may have begun as early as the late Eocene.
Eocene Glacial Ice?
If an ice sheet did exist on Antarctica dµring the earliest Oligocene, could one have been present there during the Eocene? Even before DSDP drilling in the Southern Ocean, there were reports of ice-rafting during the Eocene. Margolis and Kennett (1971) reported scattered quartz grains with surface textures considered indicative of glacial environments in lower to middle Eocene nannofossil oozes recovered in Eltanin piston cores from the southeast Pacific Ocean. These cores were taken at present-day latitudes between 38° and 57°S. In addition to the surprisingly low latitudes of some of the cores (38°S, beyond the present-day limits of ice-rafting), there is the possibility that the quartz grains could be Quaternary contaminants introduced from the top of the sequences by the coring process. Mercer (1973 Mercer ( , 1978 argued that botanical and oxygen isotopic evidence suggested incompatibly warm early Eocene paleoclimates for ice-rafting to the mid latitudes, that the sands could have been introduced from shelf al areas by turbidites, and that unless independent confirming evidence is presented, the hypothesis of ice-rafting for these elastics could not be accepted. The cores have been reexamined by Wei (this volume, Chapter 63) , who states that downcore contamination is unlikely, particularly for Eltanin Core 24-10, which apparently penetrated no Neogene sediment. He also applied modern nannofossil zonations to confirm and refine the early-middle Eocene age dates for the cores, the stratigraphic positions of which are plotted in Figure 20 .
In addition to the above, reported a tillite on King George Island in the northern Antarctic Peninsula beneath a lava flow dated at 49.4 ± 5 Ma (their "Krakow" glaciation). One can assign a maximum Eocene age to this material, which contains reworked Cretaceous and Paleogene coccoliths, the youngest of which are early Eocene in age, according to Birkenmajer et al. (1988) . If the age of this material could be better constrained, it might indicate a local alpine glacial source for the IRD reported by Margolis and Kennett (1971) . As mentioned previously, however, Mercer (1973 Mercer ( , 1978 contended that only ice sheets are capable of producing bergs large enough to survive drift through warm waters to the mid latitudes, and that the available evidence for Eocene paleoclimates did not support the existence of such ice sheets. In this respect, the trend of the more recently acquired stable isotope record of Eocene paleoclimates ( Fig.  20 , right; see also Stott et al., 1990, and Zachos et al., this volume) is not significantly different from those available to Mercer (Fig. 2) . By the same logic, however, it can be argued that, if the evidence of Margolis and Kennett for IRD is valid, then an Eocene ice sheet must have existed (Wei, this volume, Chapter 63) .
Both Kennett (1978) and Kemp (1978) considered limited ice cover on Antarctica during the Eocene a distinct possibility, but they thought that it may have been confined to alpine glaciers in elevated coastal areas, such as West Antarctica (Kennett and Shackleton, 1976) . Kemp, however, also speculated that limited ice development occurred near the pole and adjacent to the Ross Sea (Kemp, 1978, fig. 5 ).
Although the oldest firm dates for the glaciomarine sediments drilled at CIROS-1 and in Prydz Bay (Barron, Larsen, et al., 1989) are earliest Oligocene in age, older undated glacial sediments exist below those welldated intervals, and there has been speculation that these units could be upper Eocene or possibly middle Eocene in age. Edwards and Waghorn (1989) Harwood et al. (in press) noted that the first clear covariance in two key ice-volume proxies (positive oxygen isotope trends and low sea levels) occur during the earliest late Eocene. Barron, Larsen, et al. (1989) also noted isolated clasts at the tops of some Eocene cores from the southern Kerguelen Plateau Sites 738 and 744, but commented that these may be downhole contaminants. Among these, Ehrmann (1991) reported gneissic or granitic rock fragments from Sections 119-738B-13H-1 and -11H-1 as well as terrigenous sand grains from Sections 119-738B-13H-1 and -14X-1. He assumed that this material, in sediments dated as middle Eocene (42.5-43.5 Ma), had been transported by icebergs and that isolated valley glaciers on Antarctica had reached sea level at this time. The second author of this paper reexamined these cores and confirmed the presence of Neogene contaminants, many of them manganese coated, in these intervals. The Eocene samples in question listed by Ehrmann (1991, appendix 4) had all been taken near the top of each core (Section 1, 48-52 cm) during routine shipboard sampling, and the sampling devices had penetrated to the core liners where they apparently encountered most of the contaminants. Such contaminants commonly cave downhole from the surface between coring runs, and end up incorporated in the top of the next core taken.
Thus, although the results of ODP drilling at Sites 739 and 742 in Prydz Bay suggest the possibility of middle to late Eocene glacial activity, the reported early to middle Eocene occurrences of IRD remain problematic. Nevertheless, the stable isotope record shows a major cooling during the earlymiddle Eocene (Shackleton and Kennett, 1975; Oberhànsli et al., 1984) that may coincide with a major sea-level drop (Vail et al., 1977; Haq et al., 1987) . A major canyon-cutting episode has been suggested for this interval along continental margins (Miller et al., 1987 (Miller et al., , 1990 , which is also a time of cooling and diminished diversity among calcareous microfloras in the high southern latitudes (Pospichal and Wise, 1990; . Of the several Eltanin cores redated by Wei (this volume, Chapter 64), Core 24-10 is the most likely to contain in situ IRD because there is no Neogene material upsection to serve as a possible source of contamination. The lower age range assigned this core coincides with a stepwise drop in benthic δ 18 θ values at about 42-43 Ma (Fig. 20) . Evidence in the way of a "smoking gun" for Eocene continental glaciation, however, has yet to be recognized. Nevertheless, in the eyes of some workers this is just a matter of time and future exploration. Modeling experiments of Cretaceous and Eocene climates by Barron et al. (1981) , Barron (1987) , and Sloan and Barron (1990) indicate how difficult it would be to maintain "equable" global climates above freezing at middle and high latitudes, particularly within continental interiors, unless currently unknown forcing mech-anisms influenced past climates. Frakes and Francis (1988) recently reviewed the Phanerozoic record of ice-rafted deposits and concluded that ice-rafted sediments can be found at high paleolatitudes for all systems except for the Triassic, and that the possibility that an ice-free Earth ever existed appears to be small.
SUMMARY AND CONCLUSIONS
The Paleogene cryospheric history of Antarctica continues to be an intriguing but controversial topic because of a general dependence on indirect evidence of glaciation, such as the "proxy" stable isotopic record from the world's oceans, the occurrence of clastic materials in the Southern Ocean variously interpreted as IRD, changes in clay mineral assemblages, changes in the diversities of microfossil assemblages and in the steepness of latitudinal biotic gradients, the presence of hiatuses in the deep-sea record, and correlations with eustatic sea-level curves. Together with modeling studies, seismic stratigraphic analyses of continental margin sequences, and studies of Tertiary outcrops on land, these widely disparate lines of evidence studied by an equally diverse array of specialists represent data bases fragmented across widely separated geographic regions and disciplinary fields. This disparity of methods, approaches, and data bases has inevitably engendered controversy (Bartek, 1989; Bartek et al., in press ).
Controversy has been beneficial because the questions raised have fueled the need not only for interdisciplinary studies and international cooperation, but for more detailed data of higher quality and for more direct evidence of glacial history from the Antarctic continent itself. The pertinent data bases rapidly expanded during the 1980s and continue to do so (1) through renewed efforts at drilling in the Southern Ocean and along the continental margins and marginal seas of Antarctica; (2) through the acquisition of more detailed stable isotope records from high-quality (HPC and APC) drill cores, including those acquired during Legs 113, 119, and 120; (3) through the discovery of recycled microfossils in younger till deposits on Antarctica; and (4) through the radiometric dating of till/lava sequences in the Antarctic Peninsula. These studies have brought to light considerable new evidence of Paleogene glaciation and have pushed evidence for such glaciation further back in time.
Most investigators believe that continental ice sheets were present on East Antarctica during the Oligocene, including the earliest Oligocene. They were not necessarily permanent features, but probably went through many advances and contractions and may have disappeared completely at times (Harwood et al., in press ). They almost certainly disappeared at some point during the early Miocene (Kemp and Barrett, 1975; Miller et al., 1987; Harwood et al., 1989b) .
Through its rapid advance during the earliest Oligocene, an ice sheet(s) reached sea level at several widely scattered localities around the continent but perhaps only briefly at some locations. According to current age models, two episodes of ice-rafting are recorded on the Kerguelen Plateau, each about 1 m.y. apart (Appendix). There is no strong indication of the earliest Oligocene event in the eustatic sea-level record of many areas, perhaps due to the brevity of the advances. Alternatively, and probably more likely, evidence of an earliest Oligocene sea-level drop has been removed or obscured by the more widely recognized midOligocene eustatic event (Vail et al., 1977) .
Nevertheless, the effect of ice reaching sea level at several points around the continent was immediate and profound, causing significant reorganization of circulation systems (see discussions by Breza et al. and Zachos et al., this volume) and a sharp cooling of surface waters around the continent, as noted in the surface dwelling nannoplankton assemblages and in the stable isotopic records of planktonic foraminifers. In addition, there were changes in clay-mineral assemblages and CaCO 3 contents of the sequence containing the IRD. Ehrmann (1991) notes that the clay-mineral change precedes the arrival of Oligocene IRD on the Kerguelen Plateau, suggesting that rivers were carrying the products of a physical weathering regime to the sea ahead of the ice advancing over the continent.
The magnitude and extent of the early Oligocene cryospheric events seem to have been underestimated in some previous studies. At Site 693 and those studied on the Kerguelen Plateau, the amount of lower Oligocene IRD deposited was not equaled or exceeded until late Miocene or early Pliocene times. This is in contrast to the record in the CIROS-1 core of the Ross Sea where there is a considerable increase in glacial debris in the middle Oligocene, a phenomenon not seen in the IRD record of the Weddell Sea or on the Kerguelen Plateau. This could reflect changes in iceberg tracks or a diminution of glacial activity in these local areas following the early Oligocene. An alternative hypothesis could be that much easily erodible regolith material was removed during the initial ice advance of the early Oligocene, leaving a diminished supply on the denuded bed-rock surface to be incorporated during subsequent glacial episodes (Warnke, 1970; Ehrmann, 1991) .
The Oligocene ice sheets were temperate in nature; thus, they probably exhibited different shape and flow characteristics compared with the "polar" ice sheet on Antarctica today. Although Oligocene climates were milder than those of today, the ice sheets apparently could have grounded farther out on the continental margins because the shelves were shallower in the Paleogene than they are today (Anderson, in press; Anderson et al., 1991) .
A major unresolved question is "how can one reliably partition the temperature and ice-volume signals responsible for the earliest Oligocene δ 18 θ shift?" By analyzing Eocene and Oligocene latitudinal isotopic gradients, Zachos et al. (this volume) attribute about 0A%o of the shift to an ice volume effect. Thomas (1991) favors a relatively large ice volume signal such as this because she sees no major and sudden corresponding assemblage changes in the way of extinctions and diversity changes among the benthic foraminifers, as would be expected from a major temperature change. On the other hand, Wei et al. (this volume) attribute up to 0.9‰ or 90% (rather than only 60%) of the isotopic signal in the surface waters to temperature change rather than to ice volume, and this is more compatible with the rather modest sea level change recorded for the earliest Oligocene in the Vail sea level curve (Haq et al., 1987) . The truth may lie somewhere in between these views. A holistic approach to the problem, incorporating as many independent lines of evidence as possible, will be necessary to provide a better estimate of the components that make up the isotopic signal. Better isotopic data from the equatorial latitudes is also badly needed as few high resolution data for gradient studies exist from that region.
Tantalizing evidence in the way of undated till deposits below well-dated lower Oligocene glaciomarine sequences along the Antarctic margin and possible IRD beyond (Fig. 20) suggest the presence of glaciers during the late Eocene and possibly during the early-middle Eocene. There is no agreement as to whether an ice sheet was present at any time during the Eocene, however, particularly during the early-middle Eocene. Breza et al. (1989) contended that the evidence from Site 748 constituted the "smoking gun" that proved conclu-sively the existence of an earliest Oligocene ice sheet on Antarctica. The as-yet-undated diamictites below lower Oligocene sequences at Prydz Bay Sites 739 and 742 may eventually prove to be the "smoking gun" that will indicate the presence of a late Eocene ice sheet. However, current technology and the inability to obtain conclusive age dates on this sequence have not allowed the "smoke" to be detected, if indeed it exists.
Because of the crucial role of Antarctic glaciation in the climatic history of the planet, exploration efforts should continue if we are to answer the outstanding questions that continue to fuel controversy: When did Cenozoic Antarctic glaciation begin, when did an ice sheet first form, and what has been the history of this ice sheet(s)? Clearly Antarctica has had a long Cenozoic cryospheric history. The quest now is for more detailed knowledge of that history. As enumerated by , there are several elements that make up the cryosphere (alpine and coastal glaciers, small ice sheets, land-and marine-based major ice sheets, ice shelves, and various degrees of sea ice development). A major goal is to identify better these elements in the geologic record so that more refined and detailed histories of Antarctic glaciation can be written. To refine the Paleogene glacial record further will require concerted efforts on an international scale (Webb, 1990) , for which this latest series of ODP Antarctic cruises concluded by Leg 120 provides a significantly broader foundation and perspective from which to plan.
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